Codon usage patterns are affected by both mutational biases and translational selection. The frequency at which each codon is used in the genome is directly linked to the cellular concentrations of their corresponding tRNAs. Transfer RNA abundances-as well as the abundances of other potentially relevant factors, such as RNA-binding proteins-may vary across different tissues, making it possible that genes expressed in different tissues are subject to different translational selection regimes, and thus differ in their patterns of codon usage. These differences, however, are poorly understood, having been studied only in Arabidopsis, rice and human, with controversial results in human. Drosophila melanogaster is a suitable model organism to study tissue-specific codon adaptation given its large effective population size. Here, we compare 2,046 genes, each expressed specifically in one tissue of D. melanogaster. We show that genes expressed in different tissues exhibit significant differences in their patterns of codon usage, and that these differences are only partially due to differences in GC content, expression levels, or protein lengths. Remarkably, these differences are stronger when analyses are restricted to highly expressed genes. Our results strongly suggest that genes expressed in different tissues are subject to different regimes of translational selection.
Introduction
Groups (or families) of synonymous codons encode the same amino acid, but are used at largely different frequencies in any genome, a phenomenon known as codon usage bias. Codon bias is affected by both genome nucleotide composition (mutational biases) and translational selection (Sharp et al. 1993) . The frequency at which each codon is used by a given genome positively correlates with the cellular concentrations of the corresponding tRNAs, and genes expressed at high levels tend to exhibit increased frequencies of preferred codons (Ikemura 1981 (Ikemura , 1982 . High tRNA abundances for these codons result in faster and more accurate translation, which makes these codons preferred by natural selection (Ikemura 1982; Andersson and Kurland 1990; Dong et al. 1996; Rocha 2004) . The patterns of codon usage vary among species (Kanaya et al. 2001; Duret 2002; Basak and Ghosh 2006; Vicario et al. 2007; Hassan et al. 2009; Du et al. 2014) , as expected from the fact that different species exhibit different relative tRNA abundances and nucleotide compositions (Muto and Osawa 1987; Kanaya et al. 2001; Rocha 2004; Goodenbour and Pan 2006) . Transfer RNA abundances-in addition to the abundances of other potentially relevant factors, such as RNA-binding proteins-can also differ among the different tissues of an organism (Dittmar et al. 2006 ), raising the possibility that different patterns of codon usage may be selected in different tissues. However, very few studies, restricted to human and plants, have explored this possibility, producing controversial results.
Using a limited data set (n < 200 genes), Plotkin et al. (2004) found significant differences in codon usage patterns among genes expressed in six human tissues, which they attributed to genes being adapted to the tRNA pools of the tissue in which they are expressed. In line with this interpretation, 1) Dittmar et al. (2006) observed significant differences in the relative abundances of tRNAs among different human tissues, with codons preferred by natural selection usually corresponding to the most abundant tRNAs; 2) the tRNA and codon pools are strongly correlated during development (Schmitt et al. 2014) ; and 3) proliferation-induced and differentiation-induced genes use different codons that correspond to the tRNA abundances in these two states (Gingold et al. 2014) .
In contrast, using internal correspondence analysis and a larger data set of human genes (n ¼ 2,126), S emon et al. (2006) found that the fraction of the variability of codon usage attributed to tissue specificity was very small ($2.3%), and mostly due to differences in the GC content of genes expressed in the different tissues, rather than translational selection. Additional analyses by Pouyet et al. (2017) also indicate that heterogeneity in codon usage among genes expressed in different human tissues is largely due to differences in GC content resulting from GC-biased gene conversion. In agreement with this notion, comparison of tRNA and codon abundances of different human cell types suggests that a given tRNA pool translates equally fast different mRNA sets, irrespective of their tissue specificity (Rudolph et al. 2016) . Camiolo et al. (2012) found that genes expressed in different tissues of Arabidopsis thaliana significantly differed in their patterns of codon usage, even after controlling for differences in GC content and expression levels. Similar observations were made in rice (Liu 2012) .
The relative importance of translational selection versus nucleotide composition in shaping codon usage is expected to depend on the effective population size (N e ). In organisms with large N e , natural selection is more effective at driving slightly advantageous mutations to fixation and at removing slightly deleterious mutations, such as synonymous mutations (Kimura et al. 1963; Kimura 1968 Kimura , 1983 . N e has been estimated to be significantly higher for D. melanogaster (1,000,000-5,000,000 individuals; Shapiro et al. 2007; Du et al. 2013) , than for A. thaliana (250,000-400,000 individuals; Yue et al. 2010; Cao et al. 2011) or humans ($10,000 individuals; Yu et al. 2004 ). This, together with the fact that D. melanogaster is the best characterized multicellular organism in terms of codon bias (Vicario et al. 2007) , makes it suitable to characterize the differences in codon usage among tissues.
Here, we describe significant differences in the patterns of codon usage of genes expressed in 16 D. melanogaster adult tissues. Multivariate analyses indicate that the differences are small but significant and only partially due to differences in GC content. The differences were stronger when analyses were restricted to highly expressed genes. Our results indicate different patterns of translational selection among genes expressed in different tissues of Drosophila, potentially due to adaptation to different tRNA abundances.
Materials and Methods

Genomic Data
We downloaded all D. melanogaster coding sequences (CDSs) from Ensembl BioMart, version 83 (Flicek et al. 2012; Kersey et al. 2016) . If a gene had multiple CDSs, then the longest one was chosen for analysis. After filtering, we retained 13,905 D. melanogaster CDSs.
Gene Expression Data
For each D. melanogaster protein-coding gene, the mRNA abundances in the whole adult body and in 16 adult nonredundant tissues/organs (adult carcass, brain, crop, eyes, fat body, head, heart, hindgut, male accessory glands, midgut, ovaries, salivary glands, testes, thoracoabdominal ganglia, tubules, and virgin spermatheca) were obtained from the FlyAtlas database (Chintapalli et al. 2007 ). Probes were mapped to genes using the Affymetrix annotation file "Drosophila 2," version 35. We discarded from our analysis those probes that matched multiple genes. If a gene mapped to multiple probes, we used the probe with the highest mRNA signal in the whole fly. After filtering, a total of 13,088 D. melanogaster genes with available mRNA abundance data were retained for our study. Messenger RNA abundances were averaged across 4 biological replicates.
We used this gene expression data to obtain a list of tissue-specific genes. A gene was considered to be expressed in a certain tissue/organ if it was detectable in at least 3 out of the 4 biological replicates (as in Chakraborty and Alvarez-Ponce 2016) . Genes expressed only in one out of the 16 tissues/organs were considered as tissue-specific genes. Using these criteria, we identified a total of 2,046 D. melanogaster tissue-specific genes. RNA-Seq data were retrieved from FlyAtlas 2 (Leader et al. 2018) . A total of 833 genes were determined to be tissue-specific, belonging to 8 tissues (central nervous system, virgin spermatheca, mated spermatheca, accessory glands, testes, ovaries, trachea, and fat body). Genes were determined to be tissuespecific if they were expressed in at least 2 out of 3 biological replicates.
Data Analysis
We processed our data using several in-house PERL scripts. Data analysis, including generation of plots and statistical tests, were conducted using R (R Core Team 2013). Codon frequencies and relative synonymous codon usage (RSCU) values for each gene were calculated using the "Bio:: Tools:: CodonOptTable" module of the BioPerl package. We used the seqinr (Charif and Lobry 2007) and ade4 (Dray and Dufour 2007) packages to perform correspondence analysis in R. Additionally, we used the pipeline of S emon et al. (2006) to perform the internal correspondence analysis (Cazes et al. 1988) . We also used the vegan package (https://cran.r-project.org/web/packages/vegan/; last accessed October 3, 2017) to perform PERMANOVA and PERMANCOVA analyses in R. Expression levels were log-transformed for our correspondence and PERMANCOVA analyses to improve normality. Protein lengths were log-transformed for our PERMANCOVA analyses.
Results
Patterns of Codon Usage in D. melanogaster
We first conducted a codon usage analysis based on 13,088 D. melanogaster nucleus-encoded protein-coding genes whose expression level is available in the FlyAtlas database (Chintapalli et al. 2007 ). We first counted how many times each codon is used. The most frequent codon within each synonymous family were: GCC (Ala), CGC (Arg), AAC (Asn), GAU (Asp), UGC (Cys), CAG (Gln), GAG (Glu), GGC (Gly), CAC (His), AUC (Ile), CUG (Leu), AAG (Lys), UUC (Phe), CCC (Pro), AGC (Ser), ACC (Thr), UAC (Tyr), GUG (Val), and UAA (Stop). AUG and UGG are the only codons coding for Met and Trp, respectively (supplementary table S1, Supplementary Material online).
The most frequently used codons are not necessarily the preferred ones (favored by natural selection). To identify the preferred codon in each of the 18 multicodon synonymous families, we compared the patterns of codon usage of highly and lowly expressed genes. First, we identified the most highly expressed (10% top expression), and the least expressed (10% bottom expression). Second, we compared the relative synonymous codon usage (RSCU) of each codon among highly and lowly expressed genes. We considered a codon as preferred if its RSCU value was significantly higher in the highly expressed gene set (Mann-Whitney U test) after controlling for the false discovery rate associated with multiple testing using the Benjamini and Hochberg approach (Benjamini and Hochberg 1995) (q < 0.05). We identified a total of 22 preferred codons (excluding the three termination codons, the one coding for Met, and the one coding for Trp): UUC (Phe), CUG (Leu), AUC (Ile), GUC and GUG (Val) , UAC (Tyr), CAC (His), CAG (Gln), AAC (Asn), AAG (Lys), GAC (Asp), GAG (Glu), UCC and UCG (Ser), CCC (Pro), Thr (ACC), GCC (Ala), UGC (Cys), CGU and CGC (Arg), and GGU and GGC (Gly) (table 1). Of note, most of these codons end in G or C, with the exception of GGU and CGU.
Codon Usage Differences among Genes Expressed in Different Tissues of D. melanogaster
For each of the 13,088 D. melanogaster protein-coding genes, we retrieved their levels of expression (mRNA abundances) in the whole adult body, and in 16 individual adult tissues, from the FlyAtlas database (Chintapalli et al. 2007 ). This information was used to identify a total of 2,046 genes that are expressed in only one tissue (19 in the adult carcass, 77 in the brain, 22 in the crop, 44 in the eyes, 23 in the fat body, 47 in the head, 15 in the heart, 30 in the hindgut, 116 in the male accessory glands, 133 in the midgut, 84 in the ovaries, 10 in the salivary glands, 1,364 in the testes, 10 in the thoracoabdominal ganglia, 28 in the tubules, and 24 in the virgin spermatheca).
For each of these 16 gene sets, we computed the frequencies at which the different codons were used. In the majority of cases, the most frequent codon was the same as that for the entire gene set. However, a number of differences existed. In the hindgut, male accessory glands, testes, thoracoabdominal ganglia, and virgin spermatheca, AAU is the most frequently used codon to code for Asn, instead of AAC (the most commonly used codon genome-wide to code for Asn). Similarly, the most frequent codon for Cys is UGC, except for genes expressed in the salivary glands, which tend to use UGU. Glu is often encoded by GAG, except for genes expressed in the male accessory glands and the virgin spermatheca, which tend to use GAA. In general, Gly is most frequently encoded by GGC; however, genes expressed in the carcass, head, male accessory glands, salivary glands, and virgin spermatheca tend to use GGA. Genes expressed in all tissues prefer CAC to encode His, except those expressed in the male accessory glands, which use CAU more often. Ile is often encoded by AUC, except among genes expressed in the male accessory glands, which tend to use AUU. Phe is generally encoded by UUC, but genes expressed in the male accessory glands use more frequently UUU. The most commonly used codon to encode Pro is CCC, but genes expressed in the crop, male accessory glands, salivary glands, and virgin spermatheca prefer CCA, and those expressed in the brain prefer CCG. The most used codon to encode Ser is AGC; however, genes expressed in the carcass, crop, head, hindgut, midgut, salivary glands, testes, and tubules prefer UCC, and genes expressed in the virgin spermatheca prefer AGU. Finally, Tyr is generally encoded by UAC, but genes expressed in the salivary glands use more frequently UAU (supplementary table S1, Supplementary Material online).
Most of these differences represent significant departures from the frequencies at which codons are used in the entire genome (v 2 test, P < 0.05; supplementary table S2, Supplementary Material online). For each tissue (16 tissues) and for each family of synonymous codons with more than one codon (18 codons after excluding those encoding Met and Trp) (i.e., 16 tissues Â 18 amino acids ¼ 288 contrasts), we used a v 2 test to compare the frequencies at which the different codons are used in that tissue with the frequencies at which the codons are used in the overall genome. For instance, the D. melanogaster proteome contains a total of 338,998 asparagines, of which 156,904 are encoded by AAU and 182,094 are encoded by AAC; the male accessory glands proteome contains a total of 2,376 asparagines, of which 1,392 are encoded by AAU and 984 are encoded by AAC; the frequencies at which codons are used are significantly different in both gene sets (v 2 ¼ 145.14, 1 degree of freedom, P ¼ 1.88 Â 10
À33
). Out of the 288 contrasts, 168 were significant (v 2 test, P < 0.05; supplementary table S2, Supplementary Material online). Genes expressed in the testes and the male accessory glands were the ones with the highest number of significant differences: contrasts were significant for all 18 amino acids (supplementary table S2, Supplementary Material online). Among genes expressed in other tissues, significant differences were observed in the heart (in 3 amino acids), crop (in 5 amino acids), fatbody (in 5 amino acids), thoracicoabdominal ganglia (in 4 amino acids), hindgut (in 7 amino acids), adult carcass (in 9 amino acids), head (in 9 amino acids), tubules (in 10 amino acids), ovaries (in 11 amino acids), salivary glands (in 11 amino acids), brain (in 13 amino acids), eyes (in 14 amino acids), midgut (in 15 amino acids), and virgin spermatheca (in 15 amino acids). The number of amino acids with significant differences positively correlates with the number of genes expressed in each tissue (Spearman q ¼ 0.689, P ¼ 0.003), suggesting that our contrasts are to some extent limited by statistical power.
For the three tissues in which a larger number of genes are expressed (testes, midgut, and male accessory glands) we determined the set of preferred codons by comparing the most highly expressed (top 20%) and the least expressed (bottom 20%) genes. A total of 14 preferred codons were identified among genes expressed in the midgut (supplementary table S3, Supplementary Material online). Four codons (CAG, AAG, CCC, and CGU) were identified as preferred among genes expressed in testes (supplementary table S4, Supplementary Material online). Our analysis of genes expressed in male accessory glands did not identify any preferred codon (supplementary table S5, Supplementary Material online).
Codon usage is strongly correlated with GC content at the third codon positions (GC3) (Sueoka and Kawanishi 2000; Wan et al. 2004 ) and GC3 content varies among genes NOTE.-Preferred codons (those for which RSCU is significantly higher for highly expressed genes) are marked with an asterisk and in bold face. P values correspond to the Mann-Whitney U test and q values indicate FDR correction using the Benjamini and Hochberg approach.
expressed in different tissues (ranging from 51.03% in the salivary glands to 66.48% in the eyes; Kruskal-Wallis test, P ¼ 3.13 Â 10
À23
; table 2), in agreement with observations in other species (Vinogradov 2003) . Together, these observations raise the possibility that the observed differences in codon usage among genes expressed in different tissues may be due to differences in GC content. In order to discard this possibility, for each tissue, we generated a list of genes with a distribution of GC3 virtually identical to that of the genes expressed in the tissue. For that purpose, for each of the genes expressed in the tissue of interest, we randomly selected a gene not expressed specifically in the tissue with a very similar GC3 content (6 1%). Two lines of evidence indicate that our observations are not explained (at least entirely) by GC content. First, many of the tissue-specific deviations from the codon preferences of the entire genome (i.e., many of the cases in which one codon is preferred in general, but another codon is preferred among genes expressed in a certain tissue) are not observed in the randomized data set (supplementary table S6, Supplementary Material online). For instance, as mentioned earlier, in the original data set AAC is the most commonly used codon to encode Asn, except for genes expressed in the hindgut, male accessory glands, testes, thoracoabdominal ganglia, and virgin spermatheca, in which AAU is preferred (supplementary table S1, Supplementary Material online). In the randomized data set, AAC is the most commonly used codon, except for the gene sets matching the GC3 content of genes expressed in the heart, male accessory glands, and virgin spermatheca (supplementary table S6, Supplementary Material online). Second, in 210 out of the 288 cases the frequencies at which codons are used in each tissue significantly differ (v 2 test, P < 0.05) from the frequencies at which codons are used in the randomized data sets corresponding to the same tissue (supplementary table S7, Supplementary Material online); we would not expect this to be the case if codon preference differences were only dictated by GC3.
Codon usage is known to be highly affected by gene expression and by protein length (Duret and Mouchiroud 1999; Powell and Dion 2015) , and genes expressed in different tissues differ in their levels of expression (Kruskal-Wallis test, P ¼ 2.93 Â 10
À83
) and in the length of their encoded products (Kruskal-Wallis test, P ¼ 1.56 Â 10
À18
; table 2). Therefore, we repeated our analyses using these variables (instead of GC3) as controlling variables. Similar results were obtained, indicating that our observations are not due to expression levels or protein lengths either (supplementary tables S8 and S9, Supplementary Material online).
Correspondence Analysis and Internal Correspondence Analysis
We used correspondence analysis (Grantham et al. 1980 ) to visualize codon usage differences among genes expressed in the different tissues. Correspondence analysis is a multivariate analysis method that summarizes the information from a high-dimensional space into a low-dimensional space while losing as little information as possible (Lobry and Chessel 2003) . In our case, we only considered the two main axes and plotted the centroids of the cluster for each tissue in figure 1 . Consistent with the analyses described in the previous section, we found that genes expressed in different tissues exhibit different codon usage patterns ( fig. 1 ). This analysis, however, does not allow us to distinguish between the differences in codon usage due to different amino acid usage (proteins expressed in different tissues tend to use different amino acids) or to differences in the usage of synonymous codons (different codons being preferred to encode a certain amino acid) (S emon et al. 2006) . Therefore, we next used internal correspondence analysis (Cazes et al. 1988; S emon et al. 2006 ). This technique is basically a double within-between-correspondence analysis, which allows us to partition the variance of codon usage into different components (Lobry and Chessel 2003) . We used the pipeline of S emon et al. (2006) to partition the codon usage variability into four components: within tissues within amino acids, within tissues between amino acids, between tissues within amino acids, and between tissues between amino acids. Interestingly, we found that 51.8% of the total variability in codon usage is due to variability in synonymous codon usage ( fig. 2g ), but only 2.2% of the variation in synonymous codon usage is due to tissue specificity. To assess the statistical significance of this value (2.2%), we generated 1,000 randomized data sets and performed internal correspondence analysis in each of them. Each randomized data set was generated by randomly assigning each gene to one of the 16 studied tissues, keeping the same number of genes in each tissue as in the original data set. All of the 1,000 randomized data sets exhibited a lower value compared with the observed one, indicating that the observed value is higher than expected by chance (expected value median ¼ 0.6%, expected value mean ¼ 0.75%; P < 0.001; fig. 3 ).
We repeated this analysis by controlling for GC3. For that purpose, each of the randomized data sets was generated by selecting, for each of the genes in our data set, a gene with a very similar GC3 (6 2%) not expressed specifically in the same tissue. Similar results were obtained (expected value median ¼ 1.5%, expected value mean ¼ 1.58%; P ¼ 0.037; fig. 3 ). These results indicate that the variation of tissue-specific codon usage is small but significant, and not due to GC content. In addition, similar results were obtained when using expression level (expected value median ¼ 0.7%, expected value mean ¼ 1.13%; P < 0.001; fig. 3 ) or protein length (expected valuemedian ¼ 0.7%, expected value mean ¼ 0.69%; P < 0.001; fig. 3 ) as controlling variables, indicating that they are not the cause of the observed differences among tissues either.
We also repeated the internal correspondence analysis restricting our analyses to highly expressed genes. Highly expressed genes are expected to be subject to strong translational selection and thus are expected to exhibit stronger differences if these are due to translational selection. We repeated our analyses on genes whose log-expression levels in their tissue of expression were 25% (n ¼ 1,298), 50% (n ¼ 901), 75% (n ¼ 385), and 100% (n ¼ 105) over the average expression level. Interestingly, we observed that the variation in synonymous codon usage between the genes expressed in different tissues increases as we increase the expression cut-off (table 3), suggesting that the observed trend is due to translational selection.
The number of genes expressed in certain tissues is very small (supplementary table S1, Supplementary Material online). In order to discard the possibility that this might be inflating the observed differences among tissues, we repeated our analyses after removing all tissues in which <30 genes were expressed. In this case, the fraction of the variability explained by tissue and not by amino acid differences was 2.1%, that is, similar to the fraction estimated from the entire data set. Permutational Multivariate Analysis of Variance For further investigation of codon usage differences among genes expressed in different tissues, we used permutational multivariate analysis of variance (PERMANOVA) (Anderson 2001 ), a permutation-based extension of multivariate analysis of variance. In order to reduce the intrinsic correlation among the RSCU values corresponding to any set of synonymous codons, we generated 1,000 randomized versions of our data set. In each randomization, one codon per amino acid was randomly chosen, and all its RSCU values were removed (18 columns in total). All randomized data sets were analyzed using PERMANOVA (with 999 permutations). In all 1,000 cases, the effect of tissue on codon usage was statistically significant (P < 0.05; average pseudo-F ratio ¼ 3.94; table 4). Given the possibility that the observed results may be affected by the strong variation in the number of genes expressed in the different tissues (Shaw and Mitchell-Olds 1993) we repeated our analyses on a second set of 1,000 randomized versions of our data set, each obtained using a double randomization technique: first, one codon per amino acid was removed (as above), and second, 10 genes from each tissue were selected for analysis. In this case, we observed a   FIG. 2. -Contribution to the global codon usage variability of synonymous, nonsynonymous, between-tissues, and within-tissues effects. The eigenvalue for a given factor is proportional to the fraction of the variability in codon usage that is accounted for by that factor. The total contribution to the variance of each component is indicated. All the graphs are on the same scale to allow direct visual comparison. In each graph, only the first 10 eigenvalues are represented. The fraction of the global variability due to synonymous codon usage (a, d, g ) is higher than the fraction explained by nonsynonymous codon usage (b, e, h). The fraction explained by the differences in codon usage within tissues (a, b, c) is much higher than the fraction explained by the differences between tissues (d, e, f).
significant association between codon usage and tissue of expression in 891 of the randomized data sets (i.e., 89.1% of cases, average pseudo-F ratio ¼ 1.42; table 4).
In order to discard the possibility that the observed results might be a by-product of covariation of both codon usage and tissue specificity with GC3, gene expression, or protein length, we repeated our analyses using PERMANCOVA, a nonparametric version of ANCOVA, using the three confounding variables as covariates. Using internal single randomization, the tissue of expression had a significant effect on codon usage in all 1,000 randomized data sets (average pseudo F-ratio ¼ 7.05). Using internal double randomization, tissue had a significant effect in 677 of the randomized data sets (67.7%; average pseudo F-ratio ¼ 1.72). These results strongly indicate that the effect of tissue of expression on codon usage is not due to GC3, expression level, or protein NOTE.-Different cut-offs were used to quantify the variation in synonymous codon usage between genes highly expressed in the different tissues. NOTE.-We generated 1,000 random data sets to calculate the average pseudo-F value, and for each data set, we used 999 permutations to assess the significance of the observed pseudo-F value. NOTE.-We generated 1,000 random data sets to calculate the average pseudo-F value, and for each data set, we used 999 permutations to assess the significance of the observed pseudo-F value. * Data were normalized using logarithmic transformation using base 10.
length. Indeed, the effect of tissue was stronger after controlling for these factors (compare tables 4 and 5).
Analyses of RNA-Seq Expression Data
Given the known biases in microarray-based gene expression level data sets with respect to GC content (Swindell et al. 2014) , we repeated our main analyses using RNA-Seq data (Leader et al. 2018) . Genes were classified according to their tissue of expression as specific to the central nervous system (n ¼ 35), ovaries (n ¼ 30), testes (n ¼ 651), trachea (n ¼ 48), fat body (n ¼ 16), accessory glands (n ¼ 43), mated spermatheca (n ¼ 7), or virgin spermatheca (n ¼ 3) (supplementary table S11, Supplementary Material online). The codons most used by genes specific to each tissue were in general the same as those found in our analysis of microarray data (supplementary table S12, Supplementary Material online), and the ratios of usage of each codon in each set of tissue-specific genes are often significantly different from those for the entire genome (supplementary table S13, Supplementary Material online). Correspondence analysis shows that 2.3% of the variability of codon usage is due to the tissue in which genes are expressed ( fig. 4 ). This percent was higher for highly expressed genes (supplementary table S14, Supplementary Material online). This percent was lower when evaluated in sets of 1,000 randomized data sets with matching expression   FIG. 4. -The eigenvalue for a given factor is proportional to the fraction of the variability in codon usage that is accounted for by that factor. The total contribution to the variance of each component is indicated. All the graphs are on the same scale to allow direct visual comparison. In each graph, only the first 10 eigenvalues are represented. The fraction of the global variability due to synonymous codon usage (a, d, g ) is higher than the fraction explained by nonsynonymous codon usage (b, e, h). The fraction explained by the differences in codon usage within tissues (a, b, c) is much higher than the fraction explained by the differences between tissues (d, e, f). PERMANOVA analyses on 1,000 data sets randomized by removing one possible codon from each group of synonymous codons showed statistically significant effects of tissue in all 1,000 cases (average pseudo-F ¼ 2.62; supplementary table S16, Supplementary Material online). Two-factor randomization was used to generate 1,000 data sets, limiting the imbalanced distribution of genes between tissues, and a statistically significant effect of tissue was found in 900 of the 1,000 (90%) data sets (average pseudo-F ¼ 1.71; supplementary table S16, Supplementary Material online). PERMANCOVA analyses were repeated using the same single and double randomization strategies to determine the independent effects of tissue specificity, GC3, protein length, and expression level. Single randomization analyses showed statistically a significant effect of tissue in all 1,000 cases (average pseudo-F ¼ 4.78; supplementary table S17, Supplementary Material online). Significant effects were also found for GC3, expression level and protein length in all 1,000 data sets (average pseudo-F ¼ 397. 
Discussion
We analyzed the patterns of codon usage of 2,046 genes, each expressed in one D. melanogaster tissue/organ. We observed significant differences among the genes expressed in the different tissues. Our multivariate analyses showed that codon usage differences are not due to differences in GC content, expression level, or protein length. This strongly suggests that the observed differences in codon usage reflect, at least in part, different translational selection regimes acting on genes expressed in different tissues.
One possibility is that the codon usage of genes expressed in different tissues is adapted to the different relative tRNA concentrations of the different tissues. Unfortunately, tRNA abundance data for the different tissues of D. melanogaster are not available at the moment. Therefore, our expectation that the codons preferred in each tissue are the ones with more abundant tRNAs in that tissue cannot be tested directly. Methodologies to directly sequence tRNA are under development (Smith et al. 2015) , thus it may eventually be possible to directly test our expectation. Consistent with our hypothesis that our observations are due at least in part to translational selection, the differences in codon usage among genes expressed in different tissues are more pronounced among highly expressed genes (which are expected to be subject to stronger translational selection). Another possibility is that the tissue-specific differences in codon usage may be the result of tissue-specific differences in the concentrations of other potentially relevant factors, such as RNA-binding proteins (e.g., splice factors). Plotkin et al. (2004) , Camiolo et al. (2012) , and Liu (2012) also found differences in the patterns of codon usage of genes expressed in different tissues of human, A. thaliana and rice, respectively. In A. thaliana and rice, the differences were shown to be independent of GC content and expression level. In contrast, in human the differences appear to be largely due to differences in GC content rather than to translational selection (S emon et al. 2006; Pouyet et al. 2017) .
At least two factors may account for the differences observed between human and D. melanogaster and A. thaliana and rice. First, humans have a much lower N e than D. melanogaster and plants (humans: $10,000 individuals; D. melanogaster: 1,000,000-5,000,000 individuals; A. thaliana: 250,000-400,000 individuals; Yu et al. 2004; Shapiro et al. 2007; Yue et al. 2010; Cao et al. 2011; Du et al. 2013) , which is expected to reduce the efficacy of translational selection (Kimura 1983; Charlesworth 2009 ). Second, mammalian genomes exhibit a strong isochoric structure (presence of large chromosomic regions with uniform GC content), which produces strong regional variation in GC content (Bernardi 1989 (Bernardi , 2000 , and genes coexpressed in specific tissues tend to cluster next to each other in the genome (Lercher et al. 2002) , making them likely to exhibit similar GC contents and thus similar patterns of codon usage. The D. melanogaster and plant genomes, however, do not exhibit an isochoric structure (Thiery et al. 1976; Jabbari and Bernardi 2000; Nekrutenko and Li 2000; Oliver et al. 2001) .
